Introduction {#s1}
============

*Klebsiella pneumoniae* (*Kp*) is an *Enterobacteriaceae* which forms part of the gastrointestinal flora in humans. Despite being part of normal flora, they carry a variety of virulence genes and have the capacity to acquire a versatile armament of antibiotic resistance genes. As a result, *Kp* can cause both localized and disseminated infections in various settings. The clinical manifestations of *Kp* infections in Singapore are no different from neighboring countries. It has been recognized as a cause of community-acquired and hospital-acquired infections manifesting as bacteraemia, urinary tract, respiratory tract, abscesses, and hepatobiliary infections (Lee et al., [@B39], [@B40]; Tan et al., [@B62]; Stebbings et al., [@B58]; Tay et al., [@B63]; Bahadin et al., [@B4]). The versatility of this species has given it great success in producing a multitude of clinical infections resulting in morbidity and mortality. Although the overall incidence of *Kp* infections is not monitored regularly, they are among the most commonly identified pathogen in various clinical syndromes across multiple institutions (Table [1](#T1){ref-type="table"}). Reported mortality rates of *Kp* bacteraemia in Singapore ranged from 20 to 26% (Lee et al., [@B39]; Sng et al., [@B57]; Ng et al., [@B49]; Tan et al., [@B60]). We review the history of this pathogen in Singapore with a focus on hypervirulent strains, and discuss the growing problem of drug resistance and the implications for medical management now and in the future.

###### 

Clinical reports of *Klebsiella pneumoniae* infections in Singapore.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Year of Publication**          **Patient description**                                                   ***Kp* cases**                                ***Kp*-associated mortality (%)**                                                **Other Notes**                                                                                                                                                                                                                                                    **Ref**.
  -------------------------------- ------------------------------------------------------------------------- --------------------------------------------- -------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ --------------------------
  **BACTERAEMIA**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              

  1994                             Patients with *Kp* bacteraemia                                            101                                           26                                                                               Source of bacteraemia unknown (33%), Liver abscess (17%), UTI (29%)\                                                                                                                                                                                               Lee et al., [@B39]
                                                                                                                                                                                                                                            Pneumonia (9%), HBS (3%), Abscess other than liver (10%)                                                                                                                                                                                                           

  2008                             Patients with *Kp* bacteraemia                                            133                                           20.3                                                                             HBS 38.3% including liver abscess in 18.0%, Pneumonia (13.3%), UTI (28.1%), Unknown source (14.8%), Others (5.5%)\                                                                                                                                                 Sng et al., [@B57]
                                                                                                                                                                                                                                            5/133 (3.8%) developed endopthalmitis, all of whom had liver abscesses                                                                                                                                                                                             

  2015                             Patients with *Kp* bacteraemia                                            134                                           23.1                                                                             HBS 36.3%, including liver abscess in 14.2%, Respiratory 20.1%,\                                                                                                                                                                                                   Ng et al., [@B49]
                                                                                                                                                                                                                                            No differences in mortality for cefazolin compared to 3rd generation cephalosporin                                                                                                                                                                                 

  2017                             Patients with *Kp bacteraemia*                                            129                                           25.6                                                                             HBS 34.1% including liver abscess in 16.3%, Pneumonia 18.6%, Pyelonephritis 11.6%, Cystitis 16.3%, Other intraabdominal source 8.5%, Meningitis 0.8%, Others 3.9%, Unknown 6.2%                                                                                    Tan et al., [@B60]

  **PNEUMONIA**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

  1996                             Patients with CAP admitted to ICU                                         9/61 (15%)                                    N/A                                                                              *Kp* was the most commonly identified pathogen                                                                                                                                                                                                                     Lee et al., [@B40]

  1998                             Patients with CAP admitted to ICU                                         5/57 (9%)                                     3/5 (60%)                                                                        *Kp* was the third most commonly isolated pathogen (Tied with *Staphylococcus aureus*)                                                                                                                                                                             Tan et al., [@B62]

  1999                             Patients with HAP admitted to ICU                                         6/24 (25%)[^\*^](#TN1){ref-type="table-fn"}   N/A                                                                              *Kp* was the most commonly identified pathogen                                                                                                                                                                                                                     Stebbings et al., [@B58]

  **URINARY TRACT INFECTIONS**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

  2010                             ICU patients with UTI acquired during ICU admission                       3/35 (8.6%)                                   N/A                                                                              *Kp* was the second most commonly isolated pathogen (Tied with *Escherichia coli*)                                                                                                                                                                                 Tay et al., [@B63]

  2011                             Community clinic patients with UTI                                        29/333 (8.7%)                                 N/A                                                                              *Kp* was the second most commonly isolated pathogen                                                                                                                                                                                                                Bahadin et al., [@B4]

  **LIVER ABSCESS**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

  2005                             Review of patients with liver abscess, comparing PD vs SD                 51/80 (63.8%)\                                Overall: 3/80 (3.8%), PD: 1/36 (2.8%), SD: 2/44 (4.5%) *Kp* specific rates N/A   *Kp* was the most commonly identified pathogen\                                                                                                                                                                                                                    Tan et al., [@B61]
                                                                                                             PD: 24/36 (66.7%)\                                                                                                             Similar treatment outcomes, except for fewer treatment failures in SD (3/44) compared to PD (10/36)                                                                                                                                                                
                                                                                                             SD: 27/44 (61.4%)                                                                                                                                                                                                                                                                                                                                                                                 

  2013                             Review of patients with *Kp* liver abscess undergoing treatment in OPAT   109/205 (53%)                                 0%                                                                               *Kp* was the most commonly identified pathogen\                                                                                                                                                                                                                    Chan et al., [@B16]
                                                                                                                                                                                                                                            Delayed response in 29/109 (27%) patients, associated with abscess \>5 cm\                                                                                                                                                                                         
                                                                                                                                                                                                                                            Three require readmission                                                                                                                                                                                                                                          

  2015                             Adults with pyogenic liver abscess                                        292/741 (39%) of positive fluid cultures\     N/A                                                                              *Kp* was the most commonly identified pathogen                                                                                                                                                                                                                     Zhi et al., [@B81]
                                                                                                             220/741 (30%) of positive blood cultures                                                                                                                                                                                                                                                                                                                                                          

  **MENINGITIS**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

  2002                             Reviewed cases of meningitis/\                                            2/269 (0.7%) of clinical cases\               N/A                                                                              Only 15 cases were culture positive. The breakdown of positive cultures are as follows: 4 *Streptococcus pneumoniae*, 3 each of *Streptococcus agalactiae* and *Neisseria meningitidis*, 2 each of *Kp* and *Listeria monocytogenes*, and 1 *Streptococcus suis*   Chan et al., [@B17]
                                   meningoencephalitis                                                       2/15 (13.3%) culture positive cases                                                                                                                                                                                                                                                                                                                                                               

  **ENDOGENOUS ENDOPHTHALMITIS**                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

  2000                             Reviewed cases of endogenous bacterial endopthalmitis                     16/27 (59.3%)                                 N/A                                                                              11 of 16 (68.8%) *Kp* cases were associated with liver abscess                                                                                                                                                                                                     Wong et al., [@B76]

  2011                             Consecutive *Kp* endogenous endopthalmitis cases reviewed                 61 patients (71 eyes)                         N/A                                                                              47/61 (77.5%) were associated with liver abscess\                                                                                                                                                                                                                  Ang et al., [@B3]
                                                                                                                                                                                                                                            54/71 (80.2%) eyes had poor vision (VA worse than 4/200)\                                                                                                                                                                                                          
                                                                                                                                                                                                                                            19/71 (26.8%) required evisceration                                                                                                                                                                                                                                
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

*CAP, Community-acquired pneumonia; ICU, Intensive care unit; HAP, Hospital-acquired pneumonia; UTI, Urinary tract infection; HBS, Hepatobiliary sepsis; OPAT, Outpatient parenteral antibiotic therapy; PD, Percutaneous drainage; SD, Surgical drainage; VA, Visual acuity*.

*One patient with Kp had multiple organisms cultured*.

Hypervirulent *Klebsiella pneumoniae* in singapore {#s2}
==================================================

Characteristics of hypervirulent *Kp*
-------------------------------------

*Kp* is increasingly recognized as a cause of liver abscesses in the Asia Pacific region (Siu et al., [@B56]). The isolates associated with these infections are often referred to as *hypervirulent Klebsiella pneumoniae* (*hvKp*) due to the propensity for causing serious infections in healthy immunocompetent patients and dissemination throughout various sites. Several classical traits have been associated with *hvKp* as compared to classical *Kp* such as a hypermucoviscous phenotype, positive "string" test, predominance of K1 and K2 capsule type, and carriage of multiple virulence genes (Siu et al., [@B56]; Lee et al., [@B38]; Tan et al., [@B60]).

Although initial reports of *hvKp* were from Taiwan and South Korea, Singapore is also similarly affected (Lin et al., [@B43]; Zhi et al., [@B81]). Local *hvKp* strains have features analogous to isolates found in other parts of the world including K1 capsule type predominance followed by K2 (Lee et al., [@B38]; Tan et al., [@B60]). These K1 capsule types were typically associated with sequence type (ST) 23. The molecular epidemiology of *hvKP* STs appears to be consistent throughout the years, with ST23 found in early studies (Siu et al., [@B55]; Lee et al., [@B38]). K1/ST23 were also more likely to harbor virulence genes related to expression of the hypermucoviscous phenotype and iron uptake. *In vivo* studies with mouse models also suggest that strains of K1 capsule type were more virulent compared to non-K1 strains (Lee et al., [@B38]). K2 and non-K1-K2 capsule types had a greater genetic diversity in terms of ST, and were less likely to possess virulence genes (*kfu, irp, iuc, iro, rmpA)* compared to K1 capsule types (Lee et al., [@B38]). These virulence genes collectively contribute to pathogenesis as there is no single outstanding phenotypic or genotypic feature to which pathogenesis can be fully attributed to. Although hypermucoviscocity is associated with virulence, non-hypermucoviscous isolates may still cause disseminated disease (Lee et al., [@B38]; Catalán-nájera et al., [@B15]).

Despite the association with severe disease, not all individuals who are colonized with *hvKp* will develop disease. *Kp* is a colonizer of the human gastrointestinal tract with a higher proportion of individuals of Asian descent colonized relative to those of Western descent (Siu et al., [@B56]). Forty-seven out of 77 stool isolates tested from Singaporean healthy adult volunteers of Chinese ethnicity were positive for *Kp*, of which five were K1 and two were K2 capsule types (Lin et al., [@B43]). It is possible that infections were triggered by events that resulted in a transient bacteraemia which was then followed by dissemination (Siu et al., [@B56]). *HvKp* with loss of ability to translocate gastrointestinal epithelium have attenuated virulence in mouse infection models (Tu et al., [@B71]). However, the mechanisms have not been completely elucidated and it remains unclear why some colonized patients never develop disease.

Invasive liver abscesses and other disseminated infections
----------------------------------------------------------

The manifestations of *Kp* liver abscess are non-specific with fever, abdominal pain, and abnormal liver function tests being common features. Like other parts of Asia, *Kp* is the causative agent for the majority of liver abscesses in Singapore (Chan et al., [@B16]; Zhi et al., [@B81]). In the largest single-institution liver abscess case series study carried within Singapore, *Kp* was the most commonly isolated pathogen (Zhi et al., [@B81]). Seven hundred and forty one patients were included in this study, of whom 49% had their liver abscess aspirated or drained. Out of the 220 culture positives, 76% (167/220) were *Kp*. (Zhi et al., [@B81]). In a separate study, *Kp* was identified as the pathogen in 109 of 205 patients (Chan et al., [@B16]). Men were more commonly affected than women (Chan et al., [@B16]; Zhi et al., [@B81]). The average age of patients reported was 57 with the youngest patient reported being only 26 years of age (Chan et al., [@B16]). Although diabetes mellitus is a recognized risk factor for *Kp* liver abscess; this infection is not uncommon in previously well patients with no significant comorbidities. Patients with abscesses greater than 5 cm were more likely to have a delayed clinical response---either remaining symptomatic or had an elevated C-reactive-protein (CRP) at 4 weeks of treatment (Chan et al., [@B16]). Drainage of abscesses may be considered as an adjunct to medical management; surgical drainage of liver abscesses greater than 5 cm results in fewer treatment failures, fewer secondary procedures, and shorter length of hospital stay compared to percutaneous drainage (Tan et al., [@B61]).

In addition to liver abscesses, *hvKp* also have a propensity for dissemination resulting in abscesses elsewhere and other infections such as meningitis and endogenous endopthalmitis. In a review of 269 cases of meningitis or meningoencephalitis admitted between 1993 and 2000, two cases of *Kp* liver abscess were associated with meningitis (Chan et al., [@B17]). In a separate case series, the causative pathogen of 16 of 27 (60%) cases of endogenous endopthalmitis in Singapore was *Kp*, with hepatobiliary infection being the main source of bacteraemia (Wong et al., [@B76]). *Kp* was reported to be associated with poor outcomes. In another cohort study of *Kp* endophthalmitis involving 71 eyes of 61 patients, 76% suffered poor visual outcomes (Visual acuity 4/200) and 26.8% required enucleation (Ang et al., [@B3]). Prognostic risk factors for poor visual outcomes include presence of hypopyon, unilateral involvement, panopthalmic involvement, and the rapid onset of ocular symptoms. During an episode of bacteremia, bacteria preferentially disseminate to the vascular choroid, often presenting with a solitary choroidal abscess. If the microbial inoculum is large or the host defense is weak, *Kp* rapidly multiplies and spreads to the retina, involving the vitreous gel (Ang et al., [@B3]). The introduction of an ophthalmological screening program for patients with *Kp* bacteraemia was thought to have reduced the risk of progression to enucleation of eyes due to earlier diagnosis and more aggressive treatment (Ang et al., [@B3]). Patients were treated with intravitreal antibiotics and vitrectomy was performed if indicated. Prior to screening of at-risk patients, the ophthalmology service was involved only when patients developed ocular symptoms.

Not all patients with *Kp* bacteraemia will go on to develop endophthalmitis. Sng et al. reviewed 133 patients with *Kp* bacteraemia who received an opthalmological examination. Twenty-three of these patients had liver abscesses. Only five patients developed endopthalmitis (3.8%), all of whom had liver abscesses (5/23, 21.7%). Liver abscess and disseminated intravascular coagulation were identified as risk factors for endophthalmitis (Sng et al., [@B57]). Most clinicians would recommend ophthalmological screening for ocular involvement in patients with community-acquired liver abscess; the utility of screening patients with community-acquired *Kp* bacteraemia with a non-hepatobiliary or unidentified source of infection is unclear. All patients developed ophthalmic symptoms within 1 week of onset of symptoms (Sng et al., [@B57]). The optimum timing of an ophthalmological examination is undetermined.

Medical management of *Klebsiella* liver abscesses
--------------------------------------------------

Community-acquired *hvKp* infections have typically remained susceptible to third-generation-cephalosporins and fluoroquinolones. Rarely has ESBL-producing K1 capsule type *Kp* been reported (Cheong et al., [@B18]). Treatment is usually of prolonged duration of 4--6 weeks in total and ceftriaxone the drug of choice for susceptible isolates. Patients were often admitted for the entirety of the treatment duration. However, management of patients with *Kp* abscesses has evolved over time. Inpatient antibiotic therapy has been followed by outpatient parenteral antibiotic therapy (OPAT) with good outcomes (Chan et al., [@B16]). OPAT patients are discharged home with an intravenous central-catheter (most commonly peripherally-inserted-central-catheter \[PICC\]), and return daily for ceftriaxone administration. Patients were able to complete their treatment without having to remain as an inpatient for the entire duration (Chan et al., [@B16]). Intravenous cefazolin is an appropriate alternative to ceftriaxone (Chan et al., [@B16]; Ng et al., [@B49]). Earlier studies indicated poor outcome with cefazolin use, however, this may be due to inadequate dosing of 3 g per day. The use of intravenous cefazolin at 6 g per day (administered as intravenous infusion over 24 h) demonstrated similar outcomes to intravenous ceftriaxone. Studies are now underway to compare intravenous therapy in OPAT vs. oral ciprofloxacin to further simplify treatment administration without compromising outcomes (Molton et al., [@B47]).

Evolution of resistance and hospital-acquired-infections (HAI) {#s3}
==============================================================

Epidemiology
------------

Although *hvKp* are problematic in community-acquired infections, non-*hvKp* also result in severe infections with impact on morbidity and mortality (Lee et al., [@B39]). A mortality rate of 21% was reported for community-acquired *Kp* bacteraemia. Other than the host of community-acquired-infections described earlier, *Kp* are key pathogens in hospital-acquired-infections (HAI). A recent point-prevalence study of HAI in Singapore identified *Kp* among the top three most commonly identified Gram negative cause of HAI (10.2%) behind *Pseudomonas aeruginosa* (11.5%), and *Escherichia coli* (10.4%) (Cai et al., [@B12]). However, *Kp* was the most frequent cause of hospital-acquired pneumonia (15.0%) and bacteraemia (20.3%). A mortality rate of 45% has been reported for hospital-acquired *Kp* bacteraemia (Lee et al., [@B39]). This highlights the role of this pathogen in HAI. *Kp* are also important colonizers in individuals as well the environment of both acute and subacute hospitals, and long term care facilities (Wilson et al., [@B75]). Infection control programs have long been aware of the need for good practices such as hand-hygiene, use of personal-protective-equipment, and isolation facilities to minimize the spread of drug-resistant organisms in healthcare settings (Wilson et al., [@B75]).

Progressing from β-lactam to carbapenem resistance
--------------------------------------------------

Despite the generalization that hypervirulent strains tend to be antibiotic susceptible, a 1-year inter-hospital survey (years 2006 to 2007) of gram-negative bacilli suggested that 30.8 and 35.9% of *Kp* isolates were resistant to third-generation cephalosporins and fluoroquinolones respectively (Tan et al., [@B59]). Resistance to β-lactams is of utmost importance as they are the most commonly used group of antimicrobials. Extended-spectrum-β-lactamases (ESBLs) result in resistance to third-generation-cephalosporins and were first isolated in the 1980\'s in Singapore (Tse, [@B70]). Additionally, plasmid-mediated AmpC cephalosporinases are also prevalent at \~26%, further contributing to resistance (Tan et al., [@B59]). Genotypic detection of ESBLs and AmpCs by molecular approaches may not be practical due to the large number of targets. A reduction of minimum-inhibitory-concentration (MIC) to third and fourth-generation cephalosporins with the addition of β-lactamase inhibitors and lack of hydrolysis of the cephamycins is expected in ESBL positive isolates. AmpC β-lactamases are not inhibited by β-lactamase-inhibitors and typically hydrolyze third-generation-cephalosporins. AmpC enzymes do not effectively hydrolyze fourth-generation-cephalosporins such as cefepime (Jacoby, [@B30]). Current recommendations by European Committee on Antimicrobial Susceptibility Testing (EUCAST) and Clinical and Laboratory Standards Institute (CLSI) is that the definition of susceptibility be based on the MIC to cephalosporins. The presence or absence of resistance genes such as ESBL genes and a*mpC* does not affect the interpretation of the MIC though may still be useful for infection control purposes. However, isolation of patients with ESBL positive isolates are not practical given the proportion of ESBL colonized persons in Singapore (Young et al., [@B79]). Cohorting of patients colonized/infection with ESBL *Kp* has been reported in combination with other infection control measures for control of outbreak scenarios (Laurent et al., [@B37]; Cantey et al., [@B13]). The applicability of cohorting ESBL positive patients in an endemic setting is unclear. In addition, patient cohorting was introduced as a bundle with other interventions---the individual benefits of cohorting is not determined.

The optimum treatment for ESBL positive organisms is debated particularly with regard to the appropriateness of piperacillin-tazobactam compared to carbapenems for treating serious infections. Carbapenems have been considered the treatment of choice due to almost uniform susceptibility to ESBL positive isolates (Paterson and Bonomo, [@B50]). Although ESBLs are inhibited by β-lactamase-inhibitors, increasing inoculum may overcome this inhibition (Paterson and Bonomo, [@B50]). There are concerns that infections with a high initial bacterial load would produce excess β-lactamase and overcome the β-lactamase-inhibitors, resulting in treatment failure despite *in-vitro* susceptibility. Retrospective data from Singapore suggest that empiric treatment with piperacillin-tazobactam does not result in worse outcomes compared to carbapenems (Ng et al., [@B48]). *Post-hoc* analysis of six prospective cohort studies indicate that definitive treatment of patients with ESBL bacteraemia with piperacillin-tazobactam does not result in worse outcomes (Rodríguez-Ba-o et al., [@B52]). Hospitals in Singapore are involved in a multi-centre randomized non-inferiority trial (MERINO) to compare definitive treatment between carbapenems and piperacillin-tazobactam for third-generation-cephalosporin resistant *E. coli* and *Kp* (Harris et al., [@B28]).

Carbapenem-resistant-*Enterobacteriaceae* are a growing problem. Resistance may occur via multiple mechanisms including carbapenemase production. Isolates with carbapenemase production are referred to as carbapenemase-producing-*Enterobacteriaceae* (CPE) and are regarded as carbapenem-resistant. The detection of carbapenemases is important from an epidemiological perspective as they are plasmid-mediated and may be transferred horizontally between different bacterial species. The first carbapenemase detected in Singapore was IMP-1 in a *Kp* isolate in 1996 (Koh et al., [@B33]). CRE and CPE rates have increased since then (Koh et al., [@B34]; Marimuthu et al., [@B46]). Incidence of CRE in surveillance cultures increased from 0.76 per 100,000 in 2010--2012, to 16.0 per 100,000 patient days between 2013 and 2015 (Marimuthu et al., [@B46]). Although increased surveillance may contribute to this increase, the incidence of clinical cases have also increased from 2.89 per 100,000 patient-days in 2010 to 10.32 per 100,000 patient-days in 2013. Incidence was reported to have plateaued since 2013. Overall CPE incidence (clinical and surveillance cultures) have also increased over the same time period. Incidence of NDM-CPE was reported to increase from 2.9 per 100,000 patients-days in 2010 to 15.0 per 100,000 patients-days in 2013, and decreased to 7.11 per 100,000 patients-days in 2015. KPC-CPE is reported to be increasing with a highest incidence rate of 16.4 per 100,000 patient days in 2013. *Kp* are the most commonly reported CRE whether mediated by carbapenemase production or other mechanisms (Balm et al., [@B5]; Marimuthu et al., [@B46]). Trends in the last seven years indicate that the IMPs have been displaced by internationally dominant carbapenemases like New Delhi Metallo-β-lactamase (NDM), *K. pneumoniae* carbapenemase (KPC), and OXA-48-like carbapenemases (Balm et al., [@B6], [@B5],[@B7]; Koh et al., [@B32], [@B34]; Teo et al., [@B65], [@B68], [@B64]; Venkatachalam et al., [@B74]). Clonal spread of carbapenemase-producing-*Kp* have also been reported (Koh et al., [@B34]; Marimuthu et al., [@B46]). In 2012, four indistinguishable isolates carrying KPC were identified from patients spanning two separate hospitals (Koh et al., [@B34]). There was no epidemiological link observed suggesting undetected transmission. Although patients with previous overseas travel and hospitalization are risk factors for CRE colonization and infection, in a cohort of 203 patients with CRE, \~15% did not have these risk factors (Ling et al., [@B44]) making community transmission of CRE a possibility. Suspected and confirmed CPE isolated locally in clinical microbiology laboratories are referred to the National Public Health Laboratory (NPHL), Singapore, as part of a national surveillance program. Whole genome sequencing of CPE submitted to NPHL is performed as part of an ongoing effort by the CaPES (Carbapenemase-Producing *Enterobacteriaceae* in Singapore) Study Group to investigate CPE clinical and molecular epidemiology and reflects concerted efforts to understand and combat drug resistance in Singapore (Marimuthu et al., [@B46]).

Non-β-lactam antimicrobials
---------------------------

In light of increasing β-lactam resistance among *Kp* isolates, there is increasing reliance on non-β-lactam antibiotics. Amongst carbapenem-resistant-*Klebsiella* spp. reported, more than 15% were resistant to polymyxin B or tigecycline, 25% to amikacin, and 65% to levofloxacin (Teo et al., [@B64]). Variable rates (5--45.9%) of *qnr* plasmid-mediated quinolone resistance have been described in two local institutions (Deepak et al., [@B22]; Teo et al., [@B69]). Polymyxin B and colistin are often considered the last lines of therapy for multi-drug-resistant-Gram negatives, however the worldwide dissemination of plasmid-mediated colistin resistance encoded by *mcr variants (mcr-1*,−*2,-3*−*4*, and *-5*) may jeopardize their utility (Liu et al., [@B45]; Xavier et al., [@B77]; Borowiak et al., [@B9]; Carattoli et al., [@B14]; Yin et al., [@B78]). In Singapore, *mcr-1* has been detected in both carbapenemase-producing and carbapenem-susceptible *Enterobacteriaceae*. (Liu et al., [@B45]; Teo et al., [@B66],[@B67]). Though current *mcr-1* prevalence rates are a low of \<3%, similar to global prevalence rates (Liassine et al., [@B41]; Saly et al., [@B54]), it remains to be seen if the rates continue to persist in this range.

Laboratory testing and treatment in the era of carbapenem resistance {#s4}
====================================================================

Clinical laboratory methods for the detection of carbapenem resistance and carbapenemase-producers are not without limitations. For example, CPE can demonstrate MICs within the susceptible breakpoint (Karlowsky et al., [@B31]) and hence be missed on phenotypic detection. These isolates are an uncommon occurrence (\<1%) and at this stage the clinical implications are unclear (Tzouvelekis et al., [@B72]). Phenotypic carbapenem heteroresistance is a problematic issue. In a study of *Kp* KPC-producers (*n* = 8) which demonstrated susceptibility to a carbapenem (1--2 μg/ml), subpopulations with elevated MICs of \>64 μg/ml were observed upon exposure to a carbapenem (Adams-Sapper et al., [@B1]). Such strains could contribute to treatment failure especially where bacterial density may be high and drug penetration suboptimal, resulting in induction of higher-level resistance (Adams-Sapper et al., [@B1]).

Optimal treatment of CPE is yet to be determined. Treatment usually comprises of combination therapy, inclusive of a carbapenem such imipenem or meropenem where the MIC remains ≤8 mg/L. Carbapenems used to treat CRE are usually combined with other non-β-lactam antibiotics based on drug susceptibility patterns. This may be any other antimicrobial for which phenotypic susceptibility is demonstrated. Alternatively, antimicrobials with intermediate susceptibility may also be considered with higher dosing and extended/continuous infusion times to optimize pharmacokinetic features (Dulhunty et al., [@B24]). Although combination therapy is commonly used, recent data suggests that mortality benefit occurs only in patients with severe illness (Gutiérrez-gutiérrez et al., [@B27]). Dual carbapenem-therapy has also been recommended such as doripenem-ertapenem combination where ertapenem is administered as a "sacrificial" carbapenem with is hydrolyzed by the carbapenemases, and allowing a separate carbapenem to exert its antimicrobial properties. *In vitro* synergy between multiple carbapenem combinations have also been reported (Poirel et al., [@B51]). An early case series reported treatment success in all three patients treated with ertapenem combined with either meropenem or doripenem (Giamarellou et al., [@B26]). However, a more recent study reported overall treatment success of only 39% for dual-carbapenem combinations (Cprek and Gallagher, [@B21]).

Polymyxins are drugs used for treatment of CRE. They have received renewed interest worldwide following increasing rates of multi-drug-resistant Gram negative organisms (Landman et al., [@B35]). Despite the polymyxins being discovered in the 40\'s and 50\'s, its nephrotoxicity and neurotoxicity was a strong deterrent to popular use (Landman et al., [@B35]). Colistin and polymyxin B are now increasingly used in the age of CRE. Minor structural differences between them result in significant pharmacokinetic differences (Landman et al., [@B35]). Both drugs have limited penetration through the blood-brain-barrier. Colistin is excreted into the urinary tract whilst polymyxin B is not. Colistin is also administered as a prodrug which is metabolized in the body to the active drug (Bergen et al., [@B8]). Polymyxin B is the more commonly used drug in Singapore. This has important implications because of issues related to susceptibility testing. Current recommendations are for broth microdilution (BMD) testing to be performed for colistin to determine the MIC (Eucast, [@B25]). The MIC results for colistin are not interchangeable with polymyxin B (Sader et al., [@B53]). In addition, testing with BMD is by no means practicable in routine microbiology laboratories. However, commonly used testing methods in Singapore such as Vitek 2 and Etest have demonstrated poor concordance with reference broth microdilution (BMD) for colistin (Chew et al., [@B19]). Very major error rates (false susceptible) were 12 and 26.1% for colistin and polymyxin B testing with Etest, and 36% for colistin testing with Vitek 2. Polymyxin testing with Vitek 2 had \>90% essential agreement with BMD. However, due to limited pharmacokinetic and clinical data, there are no EUCAST or CLSI breakpoints available for polymyxin B susceptibility testing for *Enterobacteriaceae* to guide interpretation and treatment. The performance characteristics of Microscan and Sensititre also did not meet the standards recommended by CLSI (Essential agreement ≥90%, Categorical agreement ≥90%, Very major error ≤1.5%, Major error ≤3.0% (CLSI, [@B20]). Heteroresistance is another phenomenon which may impact on laboratory testing and clinical outcomes (Hawley et al., [@B29]; Landman et al., [@B36]). Further studies are required to determine suitable methods for routine testing and clinical correlation between laboratory susceptibility testing with clinical outcomes.

Synergy testing is another aspect of antimicrobial therapy for which there is limited guidance (Doern, [@B23]). Different methods have been described but are limited by lack of data on clinical correlation. Synergy testing is typically not performed with the exception of research settings. The use of hollow-fiber-infection-model (HFIM) for synergy testing has been reported for testing antibiotic combinations for synergy (Lim et al., [@B42]; Cai et al., [@B11]). The HFIM is used to simulate the pharmacokinetics and pharmacodynamics of the tested drugs singly and in combination with time-kill studies. Thirty patients with drug-resistant Gram-negative bacterial infections were managed with combination antimicrobials based on synergistic drug testing with lower mortality rate compared to controls (Cai et al., [@B10]). Further prospective studies are required to further correlate HFIM testing or other antimicrobial synergy testing methodologies with clinical outcomes. Implementation of such new systems are currently beyond the scope of routine laboratories.

Newer β-lactam-β-lactamase-inhibitor (BLBLI) combinations should also be considered for treatment of CPE. Vasoo et al. tested a collection of 177 carbapenemase-producing-*Enterobacteriaceae* of which 53 isolates were from Singapore (Vasoo et al., [@B73]). One hundred percent susceptibility to ceftazidime-avibactam (CAV) combination was demonstrated for class A (IMI and KPC) carbapenemase producing organisms. Ninety three percent of OXA-48-like CPE were susceptible to CAV. Activity of CAV was expectedly poor for metallo-β-lactamases, demonstrating susceptibility in only one of 11 IMP positive isolates demonstrated. All 32 NDM and 4 VIM positive CPE were resistant to CAV. Conversely, aztreonam-avibactam (AAV) combination demonstrated 100% susceptibility to all tested CPE, with the exception of two NDM CPE isolates from Singapore. A total of 26 NDM CPE from Singapore were included in this study suggesting a resistance to AAV of 7.7%. Although these are still limited numbers, these suggest that the introduction of CAV or AAV into hospital formularies will be useful to combat CPE. Activity of these agents in non-carbapenemase-producing-CRE is unclear. There is currently no published data on other BLBLI combinations such as meropenem-vaborbactam and imipenem-relebactam in CPE from Singapore.

Author\'s perspective {#s5}
=====================

*HvKp* possess a plethora of virulence factors and have the potential to gain various resistance genes. Although this combination of virulence and resistance is not common in Singapore, dissemination of clones with hypermucoviscous (and hypervirulent) phenotype and KPC-carbapenemase production has been reported (Andrade et al., [@B2]; Zhan et al., [@B80]). A noticeable absence of carbapenem-resistant ST23 and ST163 isolates was observed over 5 years (2010 to 2015, CaPES molecular surveillance study). Whilst reassuring, this should not invite complacency. Clinical and molecular characterization of *HvKp* may uncover new targets for efficient diagnosis and treatment (Lee et al., [@B38]; Catalán-nájera et al., [@B15]). In addition, ongoing investment in laboratory services is required to ensure that diagnoses of virulent and/or drug-resistant bacteria can be made efficiently. Susceptibility testing methods also require further refinement for routine antimicrobials as well as extension of current hospital formularies to include the latest treatment options. Focus on the end-point should not be lost---that is for better clinical outcomes for patients. *In vitro* data alone is insufficient and correlation with clinical outcome data is required. Most of the data so far available are retrospective. Prospective data is required with robust research methodologies. The numbers of patients in individual hospitals may be insufficient to provide sufficiently powered data. Future studies will require close inter-hospital collaboration within Singapore as well as with international groups.
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